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Abstract 
Flexural and in-plane vibrating thin-film resonators fabricated on glass substrates using low temperature surface 
micromachining and hydrogenated silicon structural layers with sub-micron gaps are demonstrated. Using hydrogenated silicon 
thin-films with distinct types of mechanical stress as the resonator structural layer allows controlling the quality factor and 
resonance frequencies. Sub-micron actuation gaps are a key feature to optimize the electromechanical coupling between the 
actuation/ capacitive sensing schemes and the resonating mechanical structure. Modeling the resonant system as a RLC circuit 
with parasitic parallel capacitances allows extracting the motional parameters. Strategies for reducing the influence of the 
parasitic parallel capacitance are shown. 
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1. Introduction 
Thin-film hydrogenated amorphous silicon (a-Si:H) is a well-established technology upon which large-area 
electronics, such as thin film transistors arrays for flat-panel display backplanes, are based. The optoelectronic 
properties of this material have been thoroughly characterized due to its applications in solar cells, thin-film 
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transistors, and photodetector arrays, but there is relatively little information in the literature on its mechanical 
properties. For MEMS design purposes, an understanding of how these properties affect device performance is 
critical. In this work, a systematic study of the range of electromechanical film properties controlled by the 
deposition conditions of the rf-PECVD deposition system was performed. Silicon films with different types of 
mechanical stress were used as structural layers of flexural bridge and cantilever resonators fabricated at 
temperatures compatible with CMOS backend processing.  
The motional resistance, Rm, of a microresonator is a vital parameter when integrating resonators with electronics, 
in particular with CMOS circuits, since it determines impedance matching between components and the power 
consumption. Rm can be decreased by increasing the actuation bias voltage or by increasing the coupling between 
the actuating or sensing components and the mechanically resonating structure. This electromechanical coupling 
depends on the actuation/ sensing gap distance to the power of four. Therefore, being able to fabricate different 
resonant devices with sub-micron gaps is necessary to decrease the motional resistance of the MEMS resonators. 
Electrical motional parameters can be theoretically predicted using the electromechanical coupling factor and 
parameters from the mechanical domain or extracted from the experimental admittance curve. 
2. Experimental procedures 
2.1. Thin-film silicon properties as function of deposition conditions 
The total mechanical stress and electrical conductivity were measured for thin film silicon films deposited under a 
range of conditions that result in structurally different films. These deposition parameters include: hydrogen dilution 
in the reactive mixture, RF-power coupled to the plasma, pressure deposition, and substrate temperature (Fig. 1). 
Three structural regions with different properties were identified: I) amorphous films with tensile stress; II) 
amorphous films with compressive stress; and III) nanocrystalline films with compressive stress [1]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Mechanical stress of hydrogenated n-type amorphous or nanocrystalline silicon thin-films plotted against their electrical conductivity 
for a broad range of deposition conditions. Three different microstructural regions are identified. Red circles enclose silicon films chosen to be 
used as structural layer of resonators. 
 
2.2. Microfabrication of hydrogenated silicon microresonators 
Bridges and cantilevers resonators were fabricated with a four-layer lithographic process using 1 μm-thick Al as 
sacrificial layer and four different ~0.7 μm-thick silicon structural layers, representative of the each of the identified 
film types (as indicated by the red circles in Fig. 1).  
A similar process was used to fabricate flexural and in-plane vibrating resonators with sub-micron actuation/ 
sensing gaps, using a structural hydrogenated silicon film with near-zero stress. The low level of stress guarantees 
that no fracture at the anchors, buckling or bulging occurs in the device. SEM micrographs of the resulting devices 
are shown in Fig. 2. 
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Fig. 2. Left: SEM micrographs of flexural resonators made with chosen hydrogenated silicon thin-films as structural layer: a) 1 μm-thick gap 
detail; b) clamped bridge made with a compressive a-Si:H film; c) long and flat clamped bridge made with a low stress a-Si:H film; d) cantilever 
made with a tensile a-Si:H; and e) buckled clamped bridge made with highly compressive nc-Si:H; Center and right: SEM micrograph of flexural 
and in-plane resonators with 200 nm and 400 nm of gap, respectively.   
2.3. Actuation and detection schemes 
The resonators are electrostatically actuated by applying a voltage with dc and ac components between the gate 
electrode and the resonator, ܸீ ሺݐሻ ൌ ஽ܸ஼ ൅ ஺ܸ஼ ή ሺ߱ݐሻ. The generated electrostatic driving force has components 
at the voltage drive frequency (ω) and at twice the drive frequency (2ω): 
 
ܨ ൌ ଵଶ ቀ
ఌబ௅௪
ሺ௚ା௫ሻమቁ ή ቂ ஽ܸ஼
ଶ ൅ ʹ ஽ܸ஼ ஺ܸ஼ ሺ߱ݐሻ ൅
௏ಲ಴మ
ଶ ൅
௏ಲ಴మ ୡ୭ୱሺଶఠ௧ሻ
ଶ ቃ.                                   (1) 
 
Here, L, w, g and x are, respectively, the length, width, gap and displacement of the resonator. When ஽ܸ஼ ب ஺ܸ஼ , the 
force term at 2ω is negligible and the mechanical motion of the device is excited at the driving frequency. If 
஽ܸ஼ ൌ Ͳ, the mechanical motion is excited at two times the driving frequency.  
 Capacitive sensing of the current generated due to the time-varying capacitance (C) of the resonator is measured 
and compared with the output from an optical lever method.  The total current (݅଴ሺሻ) through the device consists of 
a motional term (݅௠ሺݐሻ), related with the actual motion of the resonator, and a parasitic component (݅௣ሺݐሻ), 
generated by the capacitive coupling between the drive and sense electrodes and proportional to the voltage applied 
for the excitation: 
݅଴ሺሻ ൌ ಢሺ಴ೇሻಢ೟ ൎ
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ሺ߱ݐሻ ൌ ݅௠ሺݐሻ ൅ ݅௣ሺݐሻ                                       (2) 
2.4. Experimental results 
Mechanical models that consider tensile or compressive axial forces must be used to predict the resonance 
frequency of the flexural resonators. The resonance frequency of a clamped beam subjected to an axial force is given 
by [2]:   
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గరሺ௜ାଵ ଶΤ ሻరாூ
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where N is the axial force generated on the anchors by the stress of the structural silicon films. Above a threshold 
value of compressive stress, the bridge buckles and a different model must be used [3]. It can be seen in Fig. 3 that 
the presence of tensile stress increases the quality factor of the resonators. 
The resonator can be modeled as a RLC circuit with a parallel parasitic capacitance (Fig. 4). A direct implication 
of the presence of the parasitic current is the creation of a parallel resonance whose frequency is given by ߱௣ ൌ
߱଴ሺͳ ൅ ܥ௠ ܥΤ ሻଵ ଶΤ , with Cm the motional capacitance and ω0 the resonance frequency. Detecting the motional 
current at twice the frequency of the excitation force eliminates the contribution of the parasitic current [4], as 
shown in Fig. 4. The overall admittance curve of this model is given by: 
 
ܻሺ݆߱ሻ ൎ ݆߱ܥ ൅ ௝ఠ஼೘ଵିሺఠ ఠబΤ ሻమା௝ሺఠ ఠబΤ ሻொ                                                            (4) 
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Fig. 3. Resonance frequency and quality factor of clamped bridges and 
cantilevers made with two different silicon films plotted against their length: a) 
amorphous tensile film; b) amorphous compressive film. Models for the 
resonance frequency are adjusted to the experimental results: a) eq. (3) 
considering a positive value for tensile stress. b) Using a model for buckled 
bridges [3]. 
 
 
 
 
Fitting the model of overall admittance of the RLC that includes a parasitic parallel capacitance given by eq. (4) 
to the experimental data allows the extraction of the motional parameters of the resonator. These values are 
compared with the motional parameters predicted from the equivalence between the mechanical and electrical 
domains, as presented in Fig. 4. 
Fig. 4. Left: equivalent electrical circuit for the resonant system. Motional parameters can be calculated from parameters of the mechanical 
domain and from the electromechanical coupling factor. Center: Optical detection of resonance of a 100 μm-long flexural resonator with a gap of 
200 nm. The quality factor (Q) is extracted from the fit of a Lorenztian curve to the resonance peak; Right: Capacitive sensing of resonance at the 
frequency of drive force vs. capacitive sensing of resonance at twice the frequency of the drive force.  
 
3. Conclusions 
Using different hydrogenated silicon thin-films with distinct types of mechanical stress as structural layer of 
resonators allows controlling the quality factor and resonance frequencies. Increasing the electromechanical 
coupling is crucial to decrease the motional resistance of the resonator. This can be done by reducing the gap 
distance. The motional parameters can be extracted from fitting the admittance curve of the RLC system with 
parallel parasitic capacitance to the experimental curve and compared with the motional parameters predicted by the 
theory. The parasitic parallel-resonance peak observed when the mechanical resonance is detected at the frequency 
of the drive force is eliminated when the resonance is detected at twice the frequency of the drive force. 
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